SUMMARY
As anaesthesia deepens, a patient first appears to be asleep but is easily reusable, then fails to respond to commands, and finally loses the eyelash reflex. Further deepening of the anaesthetic leads to the point at which there is no response to surgical stimulation [1, 2] . At some point along this continuum, ability to process complex commands, and memory of events and words are lost. Lightening of anaesthesia during recovery has been used [3] to determine the concentration at which patients or volunteers start to respond to commands (MAC swmke ).
In studies on surgical patients using the isolated forearm test [4] to assess awareness, the authors [5] and others [6] have observed that, although some patients responded to the test, none had recall after the anaesthetic. It may be that either premedication or the subsequent administration of greater anaesthetic concentrations during surgery contributed to this amnesia. To overcome this, it is necessary to equilibrate the same subjects for sustained periods at several concentrations on separate occasions in order to make within-subject comparisons. However, we are unaware of any study since that of Artusio with diethyl ether [7] , which has attempted to quantify die loss of the various indices of consciousness in the range of alveolar concentrations of anaesdietics which bridge the gap between consciousness and a state of unresponsiveness to (unpainful) stimuli, with total loss of recall. Therefore, we have studied volunteers who were tested for memory and awareness at each of four sub-MAC concentrations of isoflurane, held stable throughout the study. No other drugs were used, to eliminate the effect of premedication and either preceding or subsequent anaesthetic concentrations.
SUBJECTS AND METHODS
We studied eight healthy male volunteers (aged 25-43 yr). All were medically qualified and practising anaesthesia. In this way, informed consent to the administration of repeated anaesthetics could be assured. The study was approved by the hospital Medical Ethics Committee.
Each subject received, at sessions separated by at least 7 days, either 100% oxygen, or 0.1, 0.2 or 0.4 MAC isoflurane (end-tidal) in oxygen; 1.0 MAC = 1.15% [8] . No correction was made for the age of the subjects. The end-tidal con* centrations were maintained by the technique of overpressure. The inspired concentration of isoflurane was adjusted manually, using a mass spectrometer as a guide, to hold the endexpiratory concentration at target value.
The test sessions were divided into six periods, the first breathing 100 % oxygen via a pilot's face mask, and subsequent periods breathing the test mixture with the subjects unstimulated, given commands, given word lists, and . again unstimulated, respectively, with the subject breathing 100% oxygen in the final period (table I) .
Gas measurements were made using a quadrupole medical mass spectrometer calibrated against standard gas mixtures before and after each experiment. End-tidal concentrations of carbon dioxide and isoflurane were recorded continuously and displayed, and oxygen and nitrogen concentrations monitored in order to detect leaks from the face mask. A short length of plastic tubing was added to extend the heated sample tube of the mass spectrometer, and the gas sampled 1 cm inside the nasal cavity. The subjects were requested to keep the mouth closed throughout the study and were, if necessary, assisted by support of the jaw.
Experiments were conducted in a quiet darkened room, with the subject placed on a hospital (tilting) bed. On all occasions, the subjects were prepared as if for day surgery. They came starved and unpremedicated, and a 22-gauge cannula was inserted for venous access. Arterial pressure and heart rate were recorded automatically every 1.5 min and the electrocardiogram was monitored continuously. The room was fully equipped for general anaesthesia including drugs, facilities for tracheal intubation and suction apparatus. An independent anaesthetist supervised the subject, and assessed clinically the depth of anaesthesia, supporting the airway when appropriate.
Psychological tests were of three types. The level of consciousness was assessed at the end of the second period when the end-tidal concentration of isoflurane had been stable for at least 10 min (table I). The subject was asked loudly to open his eyes and close them. If there was no response, or after the response, the eyelash reflex was tested. In the third period, two sets of 20 commands were presented. In the first set it was explained that, for example, blue represented left, and red right, and the subject should raise the appropriate index finger in response to the colour (the commands were simply "blue" or "red"). Both the existence and the correctness of a response were scored. In the second set the same commands were given, without the colour code, but merely the words "left" and "right".
During the fourth period the subject heard two lists of 15 words. He was instructed to memorize all the words, and in which list tiiey were presented. He was asked also to signal, by raising a finger, that he had heard each word. Included in each word list was a "shock" word (usually amusing); any additional response of die subject was noted.
One hour after the experiment the subject was interviewed, always by the same investigator. On each occasion, the subject was asked to describe, in his own words, what he could remember, and then specifically if he could remember the "open eyes" command, the finger raising tests, and hearing and responding to the words. He was then asked which words he remembered spontaneously and from which list. A list of 30 words was read out containing some of die test words, some synonyms and some homonyms, and the subject was invited to indicate if the word had been presented and, if so, in which list.
The experiments were constructed to allow blinding of both subject and testers. Specifically, only the vaporizer operator knew which concentration of isofiurane was being administered and, when 100 % oxygen was used, small amounts of isofiurane ( < 0.05 % inspired) were added to the circuit at the start of the test to blind the subject. The tests and words had been prerecorded on tape cassette. There were four sets of commands and words. Each subject received all four sets during the study, and the order of administration of the four concentrations and the four sets of commands was arranged randomly according to a replicated graeco-latdn square. Statistical analysis was performed using Friedman's ANOVA to compare treatments, and Cochran's Q test to compare proportions. Analysis of variance was performed on the discrimination index (see below) to investigate differences between treatments, subjects, days and the recognition of words and lists. A discrimination index was used to assess recall after hearing a list of words during the anaesthetic. The subjects were presented subsequently with two types of word: those present in the original list and new words. To recognize a word, the subject had to discriminate between the old and new words. This task generates a 2 x 2 contingency table  (table II) .
There are two types of correct response: recognizing old words, and not recognizing new words. Luce and Galanter [9] suggested the following formula: (ab/cd) 1 (see table II ). Using this formula, an infinite number of chance responses would be 1.0, a response less than chance gives values in the range 0-1, and a response more than chance, values from 1 to infinity. Problems which would have arisen if a, b, c or d were zero were avoided by adding 1/6 to each of the four cells (Tukey's version of Yates' correction). In this study log e were taken to make the distribution symmetrical. In the results (table VII) the effect of taking log^ would imply that recognition worse than chance has therefore a negative value, chance recognition is zero (i.e. log e
RESULTS
In all subjects, the range of concentrations used spanned the transition from awake to unconscious (defined as loss of response and recall). All reported a sudden loss of consciousness and an equally sudden awaking, always within 5 min of the end of period 5.
Level of consciousness (tested by the command "open your eyes", and eyelash reflex). At 0.4 MAC all the subjects failed to respond to the command, and five had an absent eyelash reflex; seven were obviously asleep, snoring or requiring airway support, and the eighth was making uncoordinated movements reminiscent of stage two excitation. Seven of eight subjects opened the eyes on command at 0.2 MAC, and the eyelash reflex was present in all (table III) . There were highly significant differences between the four treatments (Friedman's ANOVA, P = 0.004).
Memory of the test. Table III shows the relationship between the memory of being asked to open eyes and the concentration of isoflurane administered. There were highly significant differences between treatments (Cochran's Q test, P < 0.001). The test demonstrates that, even at the least concentration, some of the subjects showed impairment of recall while they appeared to react normally. Absence of response to command guaranteed no recall, whereas response to command was not necessarily remembered. Finger raising. There were no significant differences between the responses to the coded and uncoded commands (pooled results in table IV). The differences between treatments were highly significant (Friedman's ANOVA, P < 0.001). There was impairment of response in some subjects at 0.1 MAC, and in all at 0.2 MAC. At that concentration subjects either responded to more than 50 % of the commands (n = 6) or not at all (n = 2). No responses were seen at 0.4 MAC. All the subjects who responded to the commands remembered hearing them 1 h later, and none of the non-responders remembered.
Word lists. Similar responses were observed when the subjects were asked to finger raise when they heard each of the 30 words (table V) and, again, total failure to respond coincided with lack of memory of the events. Table VI shows various aspects of memory for words. Recall of word lists was measured in terms of the proportion of words correctly recalled. The cognition task was analysed using a discrimination index [9] . Three types of discrimination are shown in the table: between words presented and words not presented; between words in list 1 and words not in list 1; between words with meanings that were presented, and those with meanings not presented. Finally, recall of shock words is given in terms of the number of subjects who recalled them. With the exception of the shock word, the results are the same for each measure. There was a highly significant effect of anaesthetic concentration such that at 0 and 0.1 MAC, memory was good, while for 0.2 and 0.4 MAC, performance was no better than chance.
There was no evidence of an intermediate state of consciousness in which some but not all aspects General observations. None of the subjects experienced any discomfort during the experiments. It was interesting to note that hunger, rather than nausea, followed the administration of isofiurane alone, even at the greater concentrations. End-tidal concentrations of carbon dioxide remained within 10% of their initial values at all concentrations of isoflurane, but there was a clearly discernible upward drift in sleeping subjects, reversed by arousal. Satisfactory end-tidal plateaux on the isoflurane registration were seen when using nasal sampling. Mouth breathing and system leaks were detected rapidly and corrected. No clinically significant changes ( > 10 %) occurred in either heart rate or arterial pressure.
DISCUSSION
This study has established the end-tidal concentrations of isoflurane in oxygen at which consciousness is lost in unpremedicated subjects. There is a distinction between the loss of eyelash reflex (five of eight) at 0.4 MAC, loss of response to simple commands between 0.2 MAC and 0.4 MAC, and loss of memory of these commands at the same MAC fraction. Memory of specific words from a bland list was lost at 0.2 MAC (four subjects remembered "shock" words at this concentration). Memory of the specific tasks was related closely to the performance of those tasks. On no occasion, however, did any subject remember events when he did not respond, although the converse was sometimes true for the simple task of opening eyes. The findings are summarized in table VII.
ceJ the mean concentration of an anaesthetic agent at which a patient awakes from anaesthesia, has been established by identifying the alveolar concentration at which the patient responds to command at the end of general anaesthesia [1] . In those studies, the lag between alveolar concentration and brain concentration was overcome by testing after the end-tidal concentration had been maintained for 15 min. In the present study, testing for wakefulness was conducted also in the middle of a protracted period of constant end-tidal concentration, and for each subject, only one concentration was used in each session. Thus we are confident in the assumption that brain equilibration at the chosen concentration had taken place. The aim of this study was to establish the alveolar concentration of isoflurane producing unconsciousness in the absence of pain stimulation. The definition of unconsciousness, or the absence of awareness, has been examined [10, 11] , and in particular the lightest levels have been classified for ether anaesthesia by Artusio [7] . Similar stages in the lightest levels of isoflurane sedation have been identified in this study, although without testing for analgesia. This has been done in relation to the types of testing and their results. The simplest test, asking the subject to open his eyes, and then testing for the eyelash reflex, reflects routine anaesthetic practice. The results show that these tests are, in the unparalysed patient, evidence of adequate hypnosis. The finger raising tasks were designed to identify intermediate levels of impairment of performance. Although the response required in both the simple and coded tests is identical, the coded task is more difficult, as greater demands are placed upon the cognitive system. The subject has to remember the arbitrary code, and use it to translate command into response. In contrast, the second task, direct command, can be accomplished largely by automatic response. Impairment to the coded task would have been expected at a lower anaesthetic concentration. This was not the case, and it would appear that isoflurane produces a sharper "cut-off" in these tests than had been found with some benzodiazepines [12] .
In order that an event may be remembered, it must be processed by the central nervous system. In general, the more thorough the processing, the better remembered is the event [13] . Memory for words has been studied .widely from this point of view, and it has been shown that memory impairment caused by sedative drugs may be attributed to a reduction in the extent to which the words are processed [14] . In the paradigm used in this study, three aspects of the words presented were considered: to which list the word belonged, what the word resembled, and what the word meant. When processing is complete, all these aspects of the words are remembered. With inadequate processing as a result of sedation, the subjects may no longer remember to which list the word belonged or what it resembled, but they remember what it meant. They would thus identify synonyms, incorrectly. It was expected that, at intermediate concentrations of anaesthetic, subjects would have remembered words, but not to which list they belonged. Likewise, it would be expected that spontaneous recall was impaired more than recognition of the same word, synonyms or homonyms. In this study, no such gradation could be detected.
The finding of minimal impairment of response to commands at the least concentration (0.1 MAC), is similar to that found with 0.1 MAC halothane [15] . The memory of hearing those commands was unimpaired. The effect of arousal to attention is demonstrated well by the consistent memory of the shock words, even for some subjects at 0.2 MAC. At a greater concentration of anaesthetic, memory of events becomes impaired, while responses may be retained. This is illustrated best in table III, and agrees with our own previous findings [4] , when the isolated arm technique was used to demonstrate awareness during anaesthesia in patients not undergoing surgery, and none of the responding patients remembered having responded. Similarly, Russell [6] found that surgical patients who responded in the isolated arm test rarely remembered it. We found that responses were lost at an anaesthetic concentration between 0.2 and 0.4 MAC. The greatest concentration used (0.4 MAC) resulted in the onset of true unconsciousness, with loss of response to verbal command, and in five of eight subjects, eyelash reflex.
Simple observation of the subjects was, at the intermediate concentrations, unhelpful. Many appeared to be asleep, but were easily rousable on command. At a concentration between 0.2 and 0.4 MAC isoflurane this reusability was lost, and this would seem to determine the transition between sleep and light anaesthesia. In this study no painful stimulus was used, and it is not possible to say if this concentration could prevent arousal to wakefulness (i.e. responding and recalling) by surgical stimulation or tracheal intubation. Previous studies defining the MAC fraction inhibiting response to tracheal intubation [16] , and MAC [2] itself are of no help in assessing arousal by stimulus because, in those studies, any movement meaningful or otherwise was used as an endpoint, and such a movement does not necessarily indicate cerebral activity. This aspect requires further study: every anaesthetist has seen some response to strong stimuli in the unparalysed patient, but it has yet to be established if, when the level of sedation achieved in this study at 0.4 MAC has been reached, a patient can be stimulated to wakefulness.
